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Description 

Background of the Invention 

The invention relates to a carbon filament hav- 
ing a crystalline graphitic structure and a morphol- 
ogy defined by a fishbone-like arrangement of 
symmetrically stacked graphite layers along the 
axis of the filament and to a method for the prep- 
aration of said filament 

Carbon fibers are forms of carbon which are 
known in the art and which have a diameter of, 
normally, from 5 to 15 micrometers. They are flexi- 
ble, light in weight, thermostable, and to a large 
extent, chemically inert, and they are good thermal 
and electrical conductors. Such carbon fibers are 
produced by carbonizing an organic polymer yarn, 
for example, of rayon or polyacrylonitrile to form a 
fiber built up from a multitude of fibrils. The most 
important parameter to characterize carbon fibers 
is the preferred orientation, i.e., the extent to which 
carbon or graphite microcrystallites are oriented 
parallel to the fiber axis. The thermal and electrical 
conductivity as well as the intrinsic tensile strength 
and Young's modulus increase with increased pre- 
ferred orientation. 

Carbon fibers can be divided into two cate- 
gories, low-modulus fibers having a Young's 
modulus below about 140 g Pa and high-perfor- 
mance fibers having a Young's modulus above 
about 170 g Pa and having a very high tensile 
strength. 

It is also known to prepare high-performance 
carbon fibers from polymer fibers such as 
polyacrylonitrile fibers by carbonizing the fibers 
and subsequently subjecting the fibers, in an inert 
gaseous atmosphere, to an elevated temperature. 
To endow the fibers with the desired high mechani- 
cal strength, they must be subjected to a tensile 
stress at the very high recrystaliization tempera- 
ture. Partly as a result of the mechanical force 
applied, the graphite layers in the fiber have their 
planes oriented parallel to the axis of the fiber. 

It is apparent that the procedures required for 
the production of carbon fibers by presently known 
methods is very expensive. As a result, it has up till 
now only been possible for carbon fibers to be 
used in applications where the required amount of 
fibers is relatively small and the price of the fin- 
ished product is not critical. For large scale com- 
mercial applications, however, the cost of produc- 
ing carbon fibers in large quantities is still prohib- 
itive. 

In a more recent development a new method of 
manufacture of graphite fibers has been disclosed 
in which the fibers are produced at a high yield by 
the pyrolysis of a hydrocarbon gas, U.S. Patent No. 
4,391,787 (G. G. Tibbetts). In this method, gaseous 



methane, or the like, is contacted with a chromium 
oxide film on one side of a thin hydrogen-per- 
meable wall, while concurrently dissolving hydro- 
gen into the opposite side of the permeable wall, 
5 and heating the wall and the gas to a temperature 
of from 925* to 1075" to form on the first wall 
surface graphite fibers from the carbon containing 
gas. 

An article of the same scientist in the Journal 
10 of Crystal Growth, 66 (1984), 632-638 relates to 
tubular carbon whiskers. Said whiskers are grown 
by the decomposition of gaseous hydrocarbons on 
submicron catalytic particles at temperatures above 
900 *C. According to the teaching of this article 
75 carbon filaments are invariably tubular. 

Further, European patent application no. 0 136 
497 discloses a process for preparing fine carbon 
fibers in which a mixed gas consisting of a gas of 
an organic metal compound and a carrier gas is 
20 reacted at an elevated temperature. The actually 
used temperature used in said process is stated to 
be at from 1010-1300 °C. 

Summary of the invention 

25 

According to the present invention, it has now 
been found that high-performance carbon filaments 
(a single strand of carbonites as opposed to a 
carbon fiber made from a polymer fiber, for exam- 

30 pie) can be prepared by exposing a suitable ther- 
mostable support having deposited thereon sub- 
stantially completely reduced monocrystalline met- 
al particles to a carbon containing gas mixture. 
The diameter of the metal particles is greater 

35 than about 5 nanometer (nm), and preferably great- 
er than about 10 nm. The support and metal par- 
ticles are exposed to a temperature of from about 
250* up to about 700 *C to 800 *C. The upper 
temperature range of 700 °C to 800 - C is contin- 

4o gent upon the experimental conditions such as the 
nature of the catalyst, the carbon delivering gas, 
and the like. 

The carbon filaments of the invention are char- 
acterized by a unique crystalline graphitic structure 

45 and a morphology defined by a fishbone-like ar- 
rangement of the graphitic layers along the axis of 
the filaments. The carbon containing gas may be 
any suitable gas, such as carbon monoxide and 
hydrogen, methane or other hydrocarbons, or mix- 

50 tures thereof. 

Further, the invention resides in a method for 
the preparation of carbon filaments, comprising the 
steps of exposing a thermostable support having 
deposited thereon substantially completely reduced 

55 monocrystalline metal particles to a carbon contain- 
ing gas at a temperature of from about 250 ' C up 
to about 700 'C to 800 *C for a period of time 
sufficient to form carbon filaments of a desired 
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dimension on the support, the upper temperature 
limits being contingent upon the stability of a metal 
carbide which is formed preceding the nucleation 
of filamentous carbon, said filaments being char- 
acterized by a crystalline graphitic structure and a 
morphology defined by a fishbone-like arrangement 
of the graphite layers along the axis of the fila- 
ments, and thereafter separating the carbon fila- 
ments from the support and/or the metal particles. 

Description of the Drawings 

Hereinafter, the invention will be described in 
detail with reference to the accompanying drawings 
wherein: 

Rg. 1 is a graph showing the magnetization in 
arbitrary units vs. time. 

Fig. 2 is an idealized view of a carbon filament 
showing its morphological features. 

Detail Description of the Invention 

In the method of the present invention, the 
metal particles to be used must have a reasonable 
affinity to carbon. By this It is meant that the metal 
particles must have a reasonable ability to transport 
carbon since the rate of carbon filament growth Is 
equal to the rate of transport of carbon through the 
metal particle. For this reason, platinum or pal- 
ladium particles can be used. However, copper 
which has a low affinity to carbon, for example, is 
unsuitable. Preferably, the metal particles to be 
used must be capable of forming unstable metal 
carbides. Particularly good results are obtained 
when iron, cobalt or nickel, or alloys of these 
metals are used as the metal particles. 

The minimum diameter of the metal particles 
suitable for filament growth is about 5 nm. It has 
been found that when smaller particles are used, 
no satisfactory carbon filament growth can take 
place. Preferably, the minimum diameter of the 
metal particle is about 10 nm. Metal particles with a 
diameter larger than 10nm are particularly suitable 
for filament growth. 

It is of importance that the metal particles 
should be substantially fully reduced since metal 
particles which are not fully reduced have an oxidic 
contact with the thermally stable support which 
inhibits the growth of carbon filaments. Further- 
more, the metal particles must not contain any 
grain boundaries, i.e., the metal particles must not 
contain any boundary surfaces of crystals having 
different crystal orientations. 

Without wishing to be limited in any way, it is 
believed that the mechanism of the growth of the 
carbon filaments is the following. The carbon con- 
taining gas is decomposed to carbon and adsorbed 
at the metal-gas interface of the metal particles. 



Subsequently, the carbon atoms taken up into the 
surface of the metal particles migrate into the metal 
and either react with the metal to form a carbide, or 
dissolve into the metal. 

5 With ferromagnetic metals, the formation of a 

carbide can be assessed by measuring magnetiz- 
ation. Since the saturation magnetization of nickel, 
iron and cobalt carbides is either zero or appre- 
ciably lower than that of the pure metal, the drop in 

w magnetization exhibited on exposure of the metal 
particles to the carbon containing gas demon- 
strates that the carbon has reacted to form metal 
carbide. 

After the formation of the metal carbide, or 

75 after the dissolution of carbon into the metal, the 
nucleation of carbon at the interface between the 
metal and the substrate proceeds. The graphite 
nuclei subsequently grows into carbon filaments. 
With ferromagnetic metals, magnetization passes 

20 through a minimum on exposure of the metal par- 
ticles to a carbon containing gas. This change in 
magnetization can be interpreted to be due to the 
nucleation of graphite after the formation of the 
metal carbides by reaction of the metal with the 

25 carbon containing gas. 

With metals that cannot react to form bulk 
carbides, the nucleation of graphite proceeds from 
carbon atoms dissolved in the metal. Since the 
amount of carbon that can be dissolved into metals 

30 not capable of reacting to form a bulk carbide is 
relatively small, the nucleation of graphite at the 
interface with the substrate proceeds presumably 
more slowly. 

The growth of graphite layers from the metal 

35 particles leads to the formation of carbon filaments. 
Presumably, the graphite layers are formed by 
epitaxial growth at the interface of the metal or 
perhaps metal carbide surface and the support. 
Due to the interaction between the graphite crystal- 

40 lites and the metal particle, the diameter of the 
growing carbon filament remains substantially 
equal to the diameter of the metal particle. The 
growth of graphite layers at the metal-carbon inter- 
face is determined by the rate of transport of 

45 carbon through the metal particle. Consequently, 
the growth of graphite at the metal-graphite inter- 
face is more rapid at those sites which are closer 
to the metal-gas interface and, conversely, the 
growth of graphite at the metal-graphite interface is 

so less rapid at those sites which are more distant 
from the metal-gas interface. Thus, the different 
rates of transport of carbon through the metal par- 
ticles leads to different rates of growths of graphite 
at the metal-graphite interface resulting in a 

55 fishbone-like structure. 

Stated another way, the metal particle is push- 
ed up by graphite layers which are sequentially 
produced at the interface. However, the rate at 
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which carbon atoms are being transported varies at 
different sites of the interface. This is due to the 
fact that the rate of migration of carbon atoms 
through the metal particles determines the rate of 
growth of the carbon filaments. Since the length of 
the path to be travelled by carbon atoms migrating 
from different sites of the metal-gas interface to the 
metal-carbon interface varies, the number of car- 
bon atoms per unit time arriving at the interface 
varies according to the relative locations. As a 
result, stacked graphite layers are formed, leading 
to the desired fishbone-like structure. 

The number of carbon filaments growing per 
unit area of support can be varied by changing the 
number of metal particles, per unit area of support 
surface. A small number of metal particles per unit 
area of support surface results in a low density of 
carbon filaments on the support surface, whereas a 
large number of metal particles per unit area of 
support surface leads to a dense network of carbon 
filaments. 

The size of the metal particles can be con- 
trolled by, for instance, sintering the metal particles 
at an elevated temperature. Consequently, the di- 
ameter of the carbon filaments can be controlled 
by controlling the size of the metal particles. It is 
important that the size distribution of the metal 
particles should preferably be in a narrow range so 
that the filaments produced will exhibit a corre- 
spondingly uniform diameter distribution. 

The supported metal particles used in the 
method according to the present invention can in 
principle be produced using techniques which are 
known for the production of supported metal cata- 
lysts, and in principle, the same carrier materials, 
e.g. silica, alumina, and other inert support materi- 
als can be used provided that such support materi- 
als exhibit desirable metal particle-support inter- 
actions to promote the formation of carbon fila- 
ments from the supported metal particles. 

The metal particle-support systems must sat- 
isfy certain requirements, however, and these 
should be taken into account, in particular those 
factors which control the diameter of the particles 
and their distribution. Only those methods and sup- 
ports which produce metal particles of substantially 
uniform diameters are suitable for the purposes of 
this invention. It will be obvious, of course, that for 
certain applications, the particle size may vary to 
produce filaments having a somewhat non-uniform 
diameter distribution. 

In the production of the metal particle-support 
systems suitable for use in the method according 
to the present invention, it is of importance to 
achieve a high loading with completely reduced 
metal particles. When the density of metal particles 
per unit area of the support is too high, the carbon 
filaments produced are shorter in length than when 



the density of the metal particles per unit area is 
low. Accordingly, the length of filament growth on 
the support can be controlled by properly adjusting 
the distribution density of metal particles on the 

5 support. 

One suitable method of producing metal 
particle-support systems according to the present 
invention is by vapor deposition of a metal, for 
example, nickel, on a non-metallic support made 

70 of, for example, alumina, followed by a thermal 
treatment of the support (with the metal particles 
adhered to the support) in a non-oxidizing atmo- 
sphere. Another suitable method is the well-known 
deposition-precipitation technique followed by an 

75 appropriate reduction treatment, which produces 
the desired size of metal particles. Other well- 
known techniques for producing metal particle-sup- 
port systems can be used to advantage such as, 
for example, solution deposition; electro-deposition; 

20 colloidal-metal deposition, and the like. 

A particularly suitable technique is the decom- 
position of a gaseous carbonyl of the desired met- 
al, or a mixture of gaseous carbonyls of the desired 
metal, or of gaseous metal-organic compounds that 

25 can be thermally decomposed. If such procedures 
are carried out using the support with a fluid-bed 
reactor, a particular advantage is that both the 
supported metal-particle system can be produced 
and the carbon filaments can be formed and grown 

30 in the same reactor. 

In the method according to the invention, the 
thermodynamic conditions defined by the correct 
temperature and pressure and composition of the 
different reactants and resulting products play an 

35 important role in the filament growth process. In 
particular, the choice of temperature is preferably 
from about 250 • up to about 700 ' C to 800 * C but 
must not be higher than that at which the cor- 
responding metal carbides formed are still stable. 

40 It is noted that the phenomenon of the forma- 
tion of carbon deposits has been extensively inves- 
tigated and described in the literature. Thus, var- 
ious forms of carbon deposits, including the fila- 
mentary form, are described in publications by 

45 Baker et al. and Rostrup Nielson (Journal of Cataly- 
sis, 26, 51-62 (1972) and Journal of Catalysis , 48, 
155-165 (1977)). These publications are concerned, 
however, with research on conventional supported 
metal catalysts which provide for a large support 

50 surface area at a low metal particle loading on the 
support surface. 

Thus, the authors, in the aforementioned pub- 
lications, determined that the carbon microcrystal- 
Htes in the carbon filaments had a low degree of 

55 orientation and, hence, the mechanical strength 
was weak. Measurements of the gas phase in equi- 
librium with the carbon filaments were interpreted 
to indicate that the thermodynamic stability of the 
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carbon in the filaments was appreciably less than 
that of graphite. This also was considered to in- 
dicate that the crystallinity of the filaments was low. 

Surprisingly, the mechanical strength of the 
carbon filaments of the present invention is very 
high. In fact, the strength of the filaments is so high 
that in the use of alumina as the support structure, 
the filaments were growing into the alumina caus- 
ing a complete disintegration of the support. 

It can be established, especially by the se- 
lected area electron diffraction method, that the 
carbon filaments contain symmetrically arranged or 
stacked crystalline graphite layers forming the 
herein-before described fishbone-like structure. The 
presence of stacked graphite layers, their orienta- 
tion, and the resulting mechanical strength have 
thus far not been recognized by investigators in 
this area of endeavor. 

In the method of the present invention, growth 
of the carbon filaments on the metal particle-sup- 
port system leads to a dense network of carbon 
filaments containing the residues of the disinte- 
grated support and exhibiting a metal particle at 
the growth end of the filament. During the growth 
of the filaments, it is important that the reactor is 
sufficiently large to accommodate an appreciable 
increase in volume of the growing filaments. The 
reactor may be of any suitable type, the choice of 
which is generally determined by the specific con- 
figuration (length, density, etc.) of the carbon fila- 
ment bundles obtained. To avoid any spacial vol- 
ume limitations, a fluid-bed reactor could be used. 
In such a device, the support and metal particles 
are suspended in a fluidized state by means of a 
flowing gas which includes a source of carbon as a 
raw material for the growth of carbon filaments on 
the support. 

In the method according to the invention, a so- 
called secondary growth of the diameter of the 
carbon filaments can be accomplished by exposing 
the formed filaments having the fishbone like struc- 
ture to a temperature above about 900 *C in the 
presence of a carbon-containing gas: It is conceiv- 
able that the secondary carbon growth on the ex- 
ternal surface of the filament may give origin to a 
composite filament structure of unique mechanical 
strength. Such a structure will be somewhat an- 
alagous to a plywood composite. At the higher 
temperatures, further growth of the filaments in the 
longitudinal direction does not take place, but car- 
bon is deposited on the outer surfaces of the 
filaments thereby enlarging the diameter of the 
filaments. To maintain a reasonably uniform diam- 
eter of the filaments, the accessibility of the fila- 
ments to the gaseous phase must not differ mar- 
kedly within the reactor. This, condition may be 
particularly well satisfied in a fluidized-bed reactor 
in which an excellent accessibility of the /filaments 



to the gaseous phase can take place. 

if desired, the filaments formed in accordance 
with the present invention can be separated from 
the support and/or the metal particles by a chemi- 

5 cal or a mechanical treatment. For example, if the 
support is formed of silica, it can be rapidly dis- 
solved in an alkaline solution. Likewise, if both the 
metal particles and the support must be removed, 
the use of an alumina support is attractive in that 

w an acid solution leads to the dissolution of both the 
alumina support and the metal particles. 

According to a further embodiment of the in- 
vention, the isolated carbon filaments (without the 
support and/or metal particles) can be combined 

75 with a molten polymer or monomer, or mixtures 
thereof, which is subsequently polymerized to form 
a filament-reinforced polymer composite. If the fila- 
ments are randomly oriented in the composite, the 
filament impregnated materials will be stronger in 

20 every direction and will not exhibit a more pro- 
nounced mechanical strength in any particular di- 
rection. 

When a high mechanical strength in one direc- 
tion is required, another procedure according to the 

25 invention can be utilized. After combining the car- 
bon filaments with a molten polymer or monomer, 
or mixture thereof, the carbon filaments are dis- 
persed in the molten mass and the suspension 
thus obtained is subjected to a mechanical shear 

30 whereby the carbon filaments are oriented in a 
direction parallel to the direction of polymer flow. 
Subsequent solidification or polymerization fixes 
the orientation of the carbon filaments within the 
solidified polymer. 

35 Filaments made at temperatures of from about 
250 ° C and up to about 700 • C to 800 ' C display a 
resistance to compression that is much higher than 
that to tension. Even though these filaments have a 
high resistance to compression, they can still be 

40 used to great advantage to produce composites 
having a high tensile strength. To obtain the objec- 
tive, a mixture of these filaments and polymeric 
material can be subjected to pressure prior to 
solidification of the mixture to form a polymer com- 

45 posite having higher tensile strength. 

According to another aspect of the invention, 
ferromagnetic particles, such as nickel, metallic 
iron or alloys thereof can be used to grow carbon 
filaments. These metal particles are located at the 

50 tip of the filaments. Since these particles are fer- 
romagnetic, the filaments will become oriented in 
an electric and/or a magnetic field. When filaments 
having ferromagnetic particles at their ends, or 
when filaments having ferromagnetic particles at 

55 their ends in combination with molten polymers, 
monomers or mixtures thereof, are exposed to an 
electric and/or magnetic field, oriented filaments 
are produced, or oriented fibers are produced dur- 
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ing setting of the polymer to produce a composite 
with oriented filaments. In the case of composites 
suitable procedures known to the manufacturer of 
magnetic tapes can be used. 

According to still another embodiment of the 
invention, after the filaments have been formed, the 
temperature is greatly increased to above about 
1000'C and up to about 1800* C. In this way, a 
reorientation of the crystals in the filaments is ac- 
complished, resulting in enhanced crystallinity and 
improved physical properties of the filament. 

When ferromagnetic metal particles are used 
for the growth of the carbon filaments, these fila- 
ments can be oriented in a parallel relationship with 
each other by placing the substrate in an electric or 
magnetic field having the desired strength to pro- 
mote growth of the fibers in a parallel manner. As 
herein before stated, when filaments of a greater 
diameter are desired, relatively thin filaments with a 
fishbone like structure provide an outer surface 
which is readily accessible to gas molecules, so 
that the filaments can be exposed to a carbon- 
containing gas at an elevated temperature of from 
about 900* to about 1100°C, i.e., a temperature at 
which the filaments no longer grow in a longitudinal 
direction. After completion of the treatment at such 
elevated temperature, the temperature can be fur- 
ther raised in excess of about 1100* and more 
advantageously up to about 1800 - C. In view of the 
fact that the ferromagnetism decreases and finally 
disappears at elevated temperatures, it is desirable 
to keep the ends of the filaments, where the fer- 
romagnetic particles are present, at a lower tem- 
perature. 

According to a further embodiment of the in- 
vention, stretched carbon fibers of the prior art, or 
filaments of the invention can be subjected to a 
high temperature in a narrow zone, as viewed in 
the longitudinal direction, of the fibers or filaments, 
which narrow temperature zone is swept ever the 
fibers or filaments. Preferably, this narrow high 
temperature zone is produced by using a high- 
frequency generator. This method therefore is anal- 
ogous to zone melting used for the production and 
purification of silicon monocrystals. 

The carbon filaments produced by the method 
according to this invention can be used for all 
purposes hitherto known for (high performance) 
carbon filaments. More particularly they can be 
used, by virtue of their excellent mechanical and 
electrochemical properties, for the manufacture of 
electrodes for electrochemical applications. For this 
purpose, the fibers are preferably grown using a 
flat substrate in a restricted volume, optionally in 
the presence of an electric or magnetic field. As a 
result of the limited volume available, the resulting 
network of filaments will be very dense. The metal 
tips can subsequently be removed by treatment 



with an acid since the carbon filaments do not 
dissolve in an acid. If after the formation of the 
filaments the temperature is raised preferably to 
above about 900 'C, while maintaining the atmo- 
5 sphere of the carbon-containing gas mixture, car- 
bon deposits will grow on the filaments so that an 
extremely dense and monolitic block of graphitized 
carbon filaments is produced. 

10 Example 1 - Preparation of Ni-on-silica Substrate 
Presursor 

2,475.7 g Ni(N0 3 )2 # 6H20 and 1,200 g of urea 
were dissolved into 10 liters of water. Subsequently 

75 500 g of silica of a surface area of 300 m 2 /g were 
suspended into the solution (Degussa,). The sus- 
pension was heated to 368" K under vigorous stir- 
ring and kept for 24 hours at that temperature. 
After that period the dissolved nickel was virtually 

20 completely precipitated. The green silica loaded by 
the precipitated nickel was separated from the liq- 
uid and thoroughly washed. Next it was dried at 
403 °K for 24 hours. The dry mass was subse- 
quently pressed to tablets of a diameter of about 

25 1.5 mm and a thickness, of about 4 mm. The 
tablets were cut by a knife into particles of 0.15 
mm to 0.30 mm. 1 to 3 g of the above nickel- 
loaded particles were brought into a tubular quartz 
reactor whose internal diameter was 10 mm. The 

30 material was dehydrated in a flow of 10% H 2 in 
nitrogen for at least 72 hours at 723 *K. To raise 
the degree of reduction the nickel particles were 
finally kept in the H 2 /N 2 flow for one hour at 
950 a K. 

35 

Example 2 - Preparation of an Iron-on-S-Alumina 
Substrate Precursor 

500 g of alumina of a surface area of 80 m 2 /g 

40 (Degussa C) were suspended into 3 liters of water. 
The temperature of the suspension was raised to 
353 °K. Subsequently a soda solution and a solu- 
tion of 3,615 g of Fe(N0 3 )3 # 9H 2 0 in 5 liters of 
water were injected into the suspension below the 

45 level of the liquid through tubes of an internal 
diameter of 2 mm. The rate of the injection of the 
soda solution was controlled so as to keep the pH 
at a constant level of 6.0. After completion of the 
injection of the iron solution the brown alumina 

so loaded with the iron was separated from the carrier 
and thoroughly washed. The washed material was 
dried at 393 °K for 24 hours. Subsequently the 
dried mass was pressed into tablets of a diameter 
of about 1 .5 m and a thickness of about 4 mm. The 

55 tablets were cut by a knife into particles of 0.15 
mm to 0.30 mm. 1 to 3 g of the particles thus 
obtained were loaded into a tubular quartz reactor 
of an internal diameter of 10 mm. The iron was 
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reduced by keeping the particles in a flow of 10% 
H 2 in argon at 873 *K for at least 10 hours. The 
reduction was completed by keeping the mass in 
the H 2 /Argon flow at 950* K for at least one hour. 

5 

Example 3-Growth of Carbon Filaments 

Carbon filament growth was accomplished by 
introducing gas mixtures typically containing from 
about 1 to about 10 volume percent of a carbon- 10 
bearing gas. The gas mixture was fed to a quartz 
reactor having an inside diameter of 10 millimeters 
and containing from about 1 to about 3 grams of a 
pelleted catalyst. The catalyst pellets had a diam- 
eter of from about 0.15 mm to 0.30 millimeters. is 

The behaviour of nickel catalyst particles con- 
current with growth of filamentous carbon was stud- 
ied . using freshly reduced 50 weight% Ni/Si02 
catalyst, reduced at 870 # K. A gas mixture of 10 
Vol.% methane in nitrogen was introduced into the 20 
quartz reactor at a flow rate of 0.8 cm 3 /s. Methane 
was chosen as the source of carbon to prevent 
Ostwald ripening of the nickel particles due to 
transport via Ni(CO)+. 

Magnetization measurements were made as a 25 
function of time to gain an insight into the growth 
mechanism of the filamentous carbon. The mag- 
netization was followed during carbonization at 
three different temperatures, namely 576 # K, 
596 • K, and 611 * K. Initially a decrease of the mag- 30 
netization was observed. Having passed through a 
minimum, the magnetization increased gradually up 
to 70% of the original valve, as shown in Fig (2). 
These changes in magnetization were associated 
with the formation of a metal carbide preceding the 35 
nucleation of filaments of graphitic carbon. Electron 
microscopy revealed that only nickel particles with 
a diameter larger that 10 nm were involved exclu- 
sively in filament growth. The observation of the 
gradual increase of magnetization indicates that 40 
after nucleation of filamentous carbon the carbon 
content of the catalyst particles is significantly low- 
er than the carbon content at the early stages of 
carbonization. 

In a similar experiment, a mixture of CO/H 2 at 45 
a ratio of 0.5/1 was employed. The growth of 
graphitic filaments was observed. The filaments 
were observed to have relatively electron-transpar- 
ent canals along their axes and a textured struc- 
ture. Nickel particles at the tip of these filaments 50 
exhibited a cone-shaped appearance. Selected 
area diffraction experiments were performed on a 
filament having a diameter of 70 nm. The filament 
was striking in its appearance by its straightness. 
Such a filament was especially suited for analysis 55 
of its carbon microstructure, as it contains only one 
well-defined direction of its axis. It was noted that 
two distinct orientations of the graphite layers were 



present. These two different orientations were lo- 
calized on opposite sides of the filament axis. This 
microstructure can be represented by a fishbone 
like arrangement of the graphite basal planes along 
the filament axis as shown in Fig (2). 

Claims 

1. A carbon filament having a crystalline graphitic 
structure and a morphology defined by a 
fishbone-like arrangement of symmetrically 
stacked graphite layers along the axis of the 
filament. 

2. A carbon filament according to claim 1, 
s wherein said filament is formed by the growth 

of graphite layers at an interface of a substan- 
tially completely reduced monocrystalline met- 
al particle and a thermostable support, said 
metal particle having a size of greater than 5 
nanometers. 

3. A carbon filament according to claim 1 or 2, 
comprising the metal particle. 

4. A carbon filament according to claim 2 or 3, 
wherein the metal particle has a size of greater 
than 10 nanometers, and wherein the diameter 
of the carbon filament is substantially equal to 
the diameter of the metal particle. 

5. A carbon filament according to one of the 
claims 2-4, wherein the metal particle is se- 
lected from iron, cobalt, nickel or alloys there- 
of. 

6. A carbon filament according to one of the 
claims 1-5, including a secondary growth of 
carbon on the external surface of the filament. 

7. A method for the preparation of carbon fila- 
ments having a crystalline graphitic structure 
and a morphology defined by a fishbone-like 
arrangement of symmetrically stacked graphite 
layers along the axis of the filaments, compris- 
ing the steps of exposing a thermostable sup- 
port having deposited thereon substantially 
completely reduced monocrystalline metal par- 
ticles to a carbon-containing gas at a tempera- 
ture from about 250 ■ C up to about 700-800* C 
for a period sufficient to form filaments of a 
desired dimension on the support, the upper 
temperature limit being contingent upon the 
stability of a metal carbide which is formed 
preceding the nucleation of filamentous car- 
bon, and thereafter separating the carbon fila- 
ments from the support and/or the metal par- 
ticles. 
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8. A method according to claim 7, wherein the 
size of the metal particles is adjusted to control 
the diameter of the carbon filaments, and 
wherein the distribution density of said metal 
particles is adjusted to control the distribution 
density of said carbon filaments and the length 
of filament growth. 

9. A method according to claim 7 or 8, wherein 
metal particles having a particle size of at least 
about 5 nm are used. 

10. A method according to one of the claims 7-9, 
wherein metal particles having a particle size 
of at least about 1 0 nm are used. 

11. A method according to one of the claims 7-10, 
wherein metal particles are used which are 
able to form unstable metal carbides. 

12. A method according to one of the claims 7-11, 
wherein metal particles are used which are 
ferromagnetic. 

13. A method according to one of the claims 7-12, 
wherein the metal particles are selected from 
the group iron, cobalt, nickel, and alloys there- 
of. . 

14. A method according to one of the claims 7-13, 
wherein the carbon filaments are subsequently 
subjected to a controlled amount of a carbon- 
containing gas at a temperature in the range of 
from 900-1 100° C, to effect a secondary 
growth of carbon on the external surface of the 
filament. 

15. A method according to one of the claims 7-14, 
wherein the carbon filaments are subsequently 
subjected to a temperature of from 1100- 
1800'C in the absence of a carbon-containing 
gas, to effect a reorientation of the crystals in 
the carbon filament. 

16. A method according to one of the claims 7-15, 
wherein said support is selected from non- 
metallic materials, metals, not forming bulk 
carbides metal alloys, metal oxides, metal car- 
bides, metal sulfides, and carbon. 

17. A method according to one of the claims 7-16, 
wherein said support is selected from silica, 
alumina, and other inert support materials, with 
the proviso that said materials exhibit desirable 
metal particle-support interactions to promote 
the formation of carbon filaments from the sup- 
ported metal particles. 



18. A method for the preparation of reinforced 
polymers, comprising the steps of impregnat- 
ing or dispersing the carbon filaments accord- 
ing to one of the claims 1-6 with a molten 

5 polymer, a monomer, or a mixture thereof, and 

subsequently polymerizing or solidifying the 
composition obtained. 

19. A method according to claim 18, wherein the 
70 carbon filaments are dispersed in a molten 

polymer or monomer, or mixtures thereof, and 
wherein the suspension thus obtained is sub- 
jected to a shear force before the polymerizing 
or solidifying step. 

20. A method according to claim 18, wherein the 
carbon filaments with ferromagnetic particles 
attached at the end of the filaments are dis- 
persed in a molten polymer or monomer, or 

20 mixtures thereof, and wherein the suspension 

is subjected to an applied external electric and 
magnetic field or a combination of an electric 
and magnetic field during solidification. 

25 21. A reinforced polymer produced by the method 
of claims 18-20. 

22. A method for the production of an electrode, 
comprising the steps of subjecting the carbon 

30 filaments according to one of the claims 1-6 to 
a temperature above about 900 * C, while main- 
taining the atmosphere of the carbon-contain- 
ing gas mixture to enhance the growth of car- 
bon deposits on the filaments to form a dense 

35 and homogenous block of carbon. 

23. A carbon electrode, obtained by the method of 
claim 22. 

40 Patentansp ruche 

1. Kohlenstoff-Filament mit einer kristallinen gra- 
phitischen Struktur und einer Morphologie, die 
durch eine fischgratenartige Anordnung von 

45 symmetrisch gestapelten Graph itschichten ent- 

lang der Achse des Filaments definiert ist. 

2. Kohlenstoff-Filament nach Anspruch 1, worin 
das Filament durch das Wachstum von Gra- 

50 phitschichten an einer Grenzflache eines im 

wesentlichen vollstSndig reduzierten, monokri- 
stallinen Metal Iteilchens und eines hitzestabilen 
Tragers gebildet ist, wobei das Metal Iteilchen 
eine Gr6j3e von mehr als 5 Nanometer auf- 

55 weist. 

3. Kohlenstoff-Filament nach Anspruch 1 oder 2, 
umfassend das Metallteilchen. 
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4. Kohlenstoff-Filament nach Anspruch 2 Oder 3, 
worin das Metallteilchen eine Gr6/3e von mehr 
als 10 Nanometer aufweist und worin der 
Durchmesser des Kohlenstoff- Filaments im we- 
sentlichen gleich wie der Durchmesser des 
Metaliteilchens ist. 

5. Kohlenstoff-Filament nach einem der AnsprU- 
che 2 bis 4, worin das Metallteilchen aus Ei- 
sen, Kobalt, Nickel Oder Legierungen davon 
ausgewahlt ist. 

6. Kohlenstoff-Filament nach einem der AnsprU- 
che 1 bis 5, einschliefllich einem Sekundar- 
wachstum von Kohlenstoff auf der Sufleren 
Oberflache des Rlaments. 

7. Verfahren zur Herstellung von Kohlenstoff-Fila- 
menten mit einer kristaliinen graphitischen 
Struktur und einer Morphologic, die durch eine 
fischgrStenartige Anordnung von symmetrisch 
gestapelten Graphitschichten entlang der Ach- 
se der Filamente definiert ist, umfassend die 
Schritte des Behandelns eines hitzestabilen 
Tr&gers, auf dem im wesentlichen vollstandig 
reduzierte, monokristalline Metallteilchen abge- 
schieden sind, mit einem kohlenstoffhaltigen 
Gas bei einer Temperatur von etwa 250 °C bis 
zu etwa 700-800 'C fOr einer ausreichende 
Zeitdauer, urn Filamente einer gewUnschten 
Dimension auf dem TrSger zu bilden, wobei 
die obere Temperaturgrenze durch die Stabili- 
tat eines Metallcarbids bedingt ist, das vor der 
Nukleation von filamentartigem Kohlenstoff ge- 
bildet wird, und des anschlie/tenden Abtren- 
nens der Kohlenstoff-Filamente vom Trager 
und/oder den Metallteilchen. 

8. Verfahren nach Anspruch 7, worin die Gro/te 
der Metallteilchen reguliert wird, urn den 
Durchmesser der Kohlenstoff-Filamente zu 
kontrollieren, und worin die Verteilungsdichte 
der Metallteilchen reguliert wird, urn die Vertei- 
lungsdichte der Kohlenstoff-Filamente und die 
Lange des Filamentwachstums zu kontrollie- 

' ren. 

9. Verfahren nach Anspruch 7 Oder 8, worin man 
Metallteilchen mit einer Teilchengrtffle von 
mindestens etwa 5 Nanometer verwendet 

10. Verfahren nach einem der AnsprUche 7 bis 9, 
worin man Metallteilchen mit einer Teilchen- 
gr6/te von mindestens etwa 10 Nanometer ver- 
wendet. 

11. Verfahren nach einem der AnsprUche 7 bis 10, 
worin man Metallteilchen verwendet, die in der 



Lage sind, instabile Metallcarbide zu bilden. 

12. Verfahren nach einem der AnsprUche 7 bis 11, 
worin man Metallteilchen verwendet, die ferro- 

5 magnetisch sind. 

13. Verfahren nach einem der AnsprUche 7 bis 12, 
worin die Metallteilchen aus der Gruppe Eisen, 
Kobalt, Nickel und Legierungen davon ausge- 

w wShlt werden. 

14. Verfahren nach einem der AnsprUche 7 bis 13, 
worin die Kohlenstoff-Filamente anschlie/tend 
mit einer kontrollierten Menge eines kohlen- 

75 stoffhaltigen Gases bei einer Temperatur im 

Bereich von 900-11 00 °C behandelt werden, 
urn ein SekundMrwachstum von Kohlenstoff an 
der aufteren OberflSche des Filaments zu be- 
wirken. 

20 

15. Verfahren nach einem der AnsprUche 7 bis 14, 
worin die Kohlenstoff-Filamente anschlie/tend 
bei einer Temperatur im Bereich von 1100- 
1800°C in Abwesenheit eines kohlenstoffhalti- 

25 gen Gases behandelt werden, um eine Re- 
orientierung der Kristalle im Kohlenstoff-Fila- 
ment zu bewirken. 

16. Verfahren nach einem der AnsprUche 7 bis 15, 
30 worin der Trager aus nichtmetallischen Mate- 

rialien, Metallen, nicht Carbide in gro/ten Men- 
gen bildenden Metallegierungen, Metalloxiden, 
Metallcarbiden, Metallsulfiden und Kohlenstoff 
ausgewahlt wird. 

35 

17. Verfahren nach einem der AnsprUche 7 bis 16, 
worin der TrSger aus Siliciumoxid, Aluminium- 
oxid und anderen inerten Tra'germaterialien 
ausgewahlt wird, unter der Voraussetzung, dafl 

40 die Materialien gUnstige Metallteilchen-TrSger- 

Wechselwirkungen zeigen, um die Bildung von 
Kohlenstoff-Filamenten auf den getragenen 
Metallteilchen zu fordern. 

46 18. Verfahren zur Herstellung von verstSrkten Po- 
lymeren, umfassend die Schritte des Impra'- 
gnierens oder Dispergierens der Kohlenstoff- 
Filamente nach einem der AnsprUche 1 bis 6 
mit einem geschmolzenen Polymer, einem 

50 Monomer oder einem Gemisch daraus und des 

anschlie/tenden Polymerisierens oder Verfesti- 
gens der erhaltenen Zusammensetzung. 

19. Verfahren nach Anspruch 18, worin die 
55 Kohlenstoff-Filamente in einem geschmolzenen 

Polymer oder Monomer oder Gemischen dar- 
aus dispergiert werden, und worin die so erhal- 
tene Suspension vor dem Polymerisierungs- 



9 



17 



EP0 198 558 B1 



18 



Oder Verfestigungsschritt mit einer Scherkraft 
behandelt wird. 

20. Verfahren nach Anspruche 18, worin die 
Kohlenstoff-Rlamente mit am Ende der Fila- 
mente befindlichen ferromagnetischen Tell- 
chen in einem geschmolzenen Polymer oder 
Monomer oder Gemischen daraus dispergiert 
werden, und worin die Suspension wahrend 
der Verfestigung mit einem angelegten elektri- 
schen und magnetischen Feld oder einer Kom- 
bination eines elektrischen und magnetischen 
Feldes behandelt wird. 

21. Verstarktes Polymer, hergestellt durch das 
Verfahren nach einem der AnsprUche 18 bis 
20. 

22. Verfahren zur Herstellung einer Elektrode, um- 
fassend die Schritte des Behandelns der 
Kohlenstoff-Rlamente nach einem der AnsprU- 
che 1 bis 6 bei einer Temperatur von Ober 
etwa 900*C, wMhrend die Atmosphare des 
kohlenstoffhaltigen Gasgemisches beibehalten 
wird, urn das Wachstum der Kohlenstoffab- 
scheidungen auf den Filamenten zu erhShen, 
so daii ein dichter und homogener Kohlenstoff- 
block gebildet wird. 

23. Kohlenstoff-Elektrode, erhalten durch das Ver- 
fahren nach Anspruch 22. 

Revendications 

1. Rlament de carbone ayant une structure cris- . 
talline graphitique et une morphologie deTmie 
par un arrangement en arete de poisson 
constitue* par des couches de graphite empi- 
res sym&riquement le long de I'axe du fila- 
ment. 

2. Rlament de carbone selon la revendication 1, 
dans lequel le filament est forme" par croissan- 
ce de couches de graphite a ('interface d'une 
particule monocristalline d'un metal pratique- 
ment completement nSduit et d'un support 
thermostable, la particule de metal ayant des 
dimensions supeVieures a 5 nanometres. 

3. Filament de carbone selon Tune des revendi- 
cations 1 ou 2 comprenant la particule de 
metal. 

4. Filament de carbone selon Tune des revendi- 
cations 2 ou 3, dans lequel la particule de 
metal a des dimensions sup£rieures a 10 na- 
nometres et dans lequel le diametre du fila- 
ment de carbone est pratiquement 6gal au 



diametre de la particule de metal. 

5. Fiiament de carbone selon Tune des revendi- 
cations 2 a 4, dans lequel la particule de metal 

5 est choisie dans le groupe forme" par le fer, le 

cobalt, le nickel et leurs alliages. 

6. Rlament de carbone selon I'une des revendi- 
cations 1 a 5 comprenant une croissance se- 

70 condaire de carbone sur la surface externe du 
filament. 

7. Methode de preparation de filaments de carbo- 
ne ayant une structure cristalline graphitique et 

75 une morphologie definie par un arrangement 
en arete de poisson constitue* de couches de 
graphite empires le long de I'axe des fila- 
ments comprenant une etape consistant a ex- 
poser un support thermostable sur lequel sont 

20 d£pos6es des particules monocristal lines de 
metal pratiquement completement reduit a un 
gaz contenant du carbone, a une temperature 
comprise entre environ 250' C et environ 700- 
800° C pendant un temps suffisant pour former 

25 des filaments de la dimension d^sir^e sur le 

support, la temperature limite sup^rieure de- 
pendant de la stability d'un carbure metallique 
qui se forme avant la nucieation de carbone 
filamenteux, et une etape ulterieure consistant 

30 a separer les filaments de carbone du support 
et/ou des particules de metal. 

8. Methode selon la revendication 7, dans laquel- 
le la dimension des particules de metal est 

35 choisie de fagon a r£gler le diametre des 

filaments de carbone et dans laquelle la densi- 
te de repartition des particules de metal est 
choisie de fagon a regler la densite de reparti- 
tion des filaments de carbone et la croissance 

40 en longueur des filaments. 

9. Methode selon Tune des revendications 7 ou 
8, dans laquelle on utilise des particules de 
metal ayant des dimensions d'au moins envi- 

45 ron 5 nanometres. 

10. Methode selon Tune des revendications 7 a 9, 
dans laquelle les particules de metal ont des 
dimensions d'au moins 10 nanometres. 

50 

11. Methode selon Tune des revendications 7 a 

10, dans laquelle les particules de metal utili- 
sees sont capables de former des carbures 
metailiques instables. 

55 

12. Methode selon I'une des revendications 7 a 

11, dans laquelle les particules de metal utili- 
ses sont ferromagnetiques. 
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13. Methode selon Tune des revendications 7 a 

12, dans laquelle les particutes de metal sont 
choisies dans le groupe forme par le fer, le 
cobalt, le nickel et leurs alliages. 

14. Methode selon Tune des revendications 7 a 

13, dans laquelle les filaments de carbone sont 
ult§rieurement soumis a une quantity regiee 
d'un gaz contenant du carbone a une tempera- 
ture comprise entre 900 et 1100'C pour effec- 
tuer une croissance secondaire de carbone sur 
la surface externe du filament. 

15. Methode selon Tune des revendications 7 a 

14, dans laquelle les filaments de carbone sont 
ulterieurement soumis a une temperature de 
1100 a 1800" C en Pabsence de gaz contenant 
du carbone, pour effectuer une reorientation 
des cristaux dans le filament de carbone. 

16. Methode selon Tune des revendications 7 h 

15, dans laquelle le support est choisi parmi 
les materiaux non-m£talliques, les m£taux, les 
alliages ne formant pas de masse de carbures, 
les oxydes metalliques, les carbures m&alli- 
ques, les sulfures metalliques et le carbone. 

17. Methode selon Tune des revendications 7 a 

16, dans laquelle le support est choisi parmi la 
silice, I'alumine et autres materiaux de support 
inertes, etant entendu que lesdlts mateViaux 
pr^sentent les interactions (particules de 
m^tal-support) souhaitables pour provoquer la 
formation de filaments de carbone a parti r des 
particules de metal sur le support. 

18. Methode de preparation de polymeres renfor- 
ces comprenant les etapes consistant a impre- 
gner et disperser les filaments de carbone 
selon Tune des revendications 1 a 6 avec un 
polymfcre fondu, un monomere ou un melange 
de ceux-ci, et ensuite a polymeriser ou solidi- 
fier la composition obtenue. 

19. Methode selon la revendication 18, dans la- 
quelle les filaments de carbone sont disperses 
dans un polymfcre fondu, un monom&re ou un 
melange de ceux-ci et la suspension obtenue 
est soumise a une force de clsaillement avant 
retape de polymerisation ou solidification. 

20. Methode selon la revendication 18, dans la- 
quelle les filaments de carbone, sur Textremite 
desquels sont fixees des particules ferroma- 
gnetiques, sont disperses dans un polymfcre 
fondu, un monomere ou leurs melanges et la 
suspension est soumise a un champ eiectrique 
ou magnetique applique de Pexterieur bu a 



une combinaison de champs eiectrique et ma- 
gnetique, au cours de la solidification. 

21. Polymere renforce prepare selon la methode 
5 de Tune des revendications 18 a 20. 

22. Methode pour la fabrication d'une electrode 
comprenant les etapes consistant a soumettre 
des filaments de carbone selon Tune des re- 

10 vendications 1 a 6 a une temperature sup6- 
rieure a environ 900 *C tout en maintenant une 
atmosphere de gaz contenant du carbone, de 
fagon a augmenter la croissance des depots 
de carbone sur les filaments et a former un 

75 bloc de carbone dense et homogene. 

2a Electrode de carbone obtenue par la methode 
de la revendication 22. 



11 



EP 0 198 558 B1 




12 



